Abstract: We have developed the novel and simple fabrication of porous hydroxyapatite by electrophoretic deposition (EPD) method in H2O/ethanol system. In this study, the porous hydroxyapatite bulks through the controlled use of H2 gas generation in the aqueous EPD process could be successfully prepared. Especially, it was found that this aqueous EPD process in combination with a sintering process could advantageously result in unique porous bulks containing unidirectionally aligned continuous pores with some hundreds .1.m in diameter. These unique microstructured porous hydroxyapatite prepared by EPD process will lead to the usage of porous fillers of bone etc.
INTRODUCTION
An application of electrophoretic deposition (EPD) of ceramics powders was first studied by Hamarker in 1939 1, 2. Some decades ago, certain applications of EPD processes were tried in various fields, such as the coating of MgO on stainless wire 3, superconductors on Ag wire 4, and the solid oxide fuel cells 5, 6 . Therefore, EPD process has been an attractive process to prepare bulk and films of ceramics in structural and electro ceramics fields due to its ability of easy forming and complex shaping with a significantly fast deposition rate. Furthermore, recently, preparation of various types of ceramics and composites, such as laminate composites and functionally gradiented materials (FGM) etc, have been carried out by this EPD process, after applications of this powerful EPD process were reported by Nicholson et al 7,8, 9 and Yamashita et al 10 . In fact, most studies on the forming of ceramics in the EPD process have been carried out using organic solvents, such as amyl alcohol and dichloromethane.
Recently, much attention has been focussed on aqueous EPD processes motivated by environmental and health problems". This aqueous EPD process has also other advantages, such as the unnecessity of organic binders in the shaping and coating. However, when using an aqueous slurry of ceramics on the EPD process, gas formation of H2 (cathode) and O2 (anode) are frequently generated by the electrolysis of H2O, causing the bubbles to initiate defects, such as pores and voids, in the ceramics forming 12. Therefore, the gas generation during an aqueous EPD process is considered to be the most serious problem and should be avoided in the preparation of films, coatings, and shaping of ceramics with a homogeneous and dense microstructure. In the present study, the preparation of porous ceramics using the gas formation caused by the aqueous EPD process was attempted. In general, porous ceramics are prepared with using combustion or volatilation of polymer media, or sintering techniques at a low sintering temperature 13-16. Especially, a few methods for the fabrication of special porous ceramics with unidirectionally aligned continuous pores have been reported 17,18. For example, the bulk was made by extrusion of a mixture of ceramics and organic polymers (sometimes wax) and subsequently burned out of the polymer for porous ceramics with unidirectionally aligned continuous pores. As another method for these special porous ceramics, porous ceramics could be fabricated by burning out of fiber in uniaxially carbon fiber reinforced ceramics. However, these methods are complicated, need much time and are expensive. On the contrary, the aqueous EPD process developed by authors is a simple and rapid process for the fabrication of porous bioceramics with unidirectionally aligned continuous pores 19. The purpose in the present study is to fabricate porous hydroxyapatite as a bioceramic by applying the gas generation due to electrolysis of H2O during the , HAP deposition was difficult to prepare on the cathode, whereas at pH 6 to 7 the porous HAP depositions could be easily prepared on the cathode. Figure 2 shows the typical photographs of HAP depositions on the cathode using this EPD process in various solvents at pH 7.0 and a constant current of 100 mA. Various HAP depositions were prepared using EPD (100 mA) and subsequently treated through freeze drying. As shown in Figure 2 , obtained HAP deposition contained large pores, whereas HAP deposition in ethanol was dense without pores. Figure 3 shows SEM micrographs of pores on the surface deposited layer. Using H2O solvent without addition of ethanol for EPD process, the generation of significantly large amount of H2 gas from electrolysis of H2O in the aqueous EPD resulted in the porous HAP containing pores with very large diameter, 1000 to 2000 gm. On the other hand, in the case of solvent containing ethanol and H2O (H2O /ethanol system) porous HAP depositions with some hundreds gm in diameter were obtained, except for 30/70 (4,0/ethanol ratio). Typical cross section of this porous HAP deposition by EPD at pH 7 in solvent of 70/30 (H2O/ethanol ratio) is shown in Figure 4 and demonstrates the unidirectionally aligned continuous pores with diameters of approximately some hundreds gm. Therefore, it was found that the generation of H2 gas at cathode during aqueous EPD process could result in the during this EPD process tend to lead to the dense microstructure without the unidirectionally aligned continuous pores. Figure  5 shows the relation between pH and deposition rate during EPD process. Samples prepared by EPD process at pH 4 to 5 showed small amount of HAP deposition. In this low pH region, the deposition rate was low. This small rate of deposition at low pH was thought to be due to large amount of gas generation caused by electrolysis of H2O in the aqueous EPD process. On the contrary, the deposition rate was higher at pH 6 to 7, approximately 5 to 7µm/s, compared to EPD at low pH. As previous report on Al2O3 depositions 19, the pore structure, e.g. size and distribution, varied for Al2O3 depositions with pH of the aqueous solution. Thus, various types of pores could be controlled by the balance of deposition rate and the generation of H2 gas. However, in the case of HAP, the thicker HAP deposition over 3 mm in thickness was difficult to prepare, since the deposition rate for HAP was very low due to lower zeta potentials than Al2O3. At the same time, large amount of gas generation often leads to the inhibition of deposition for HAP. Therefore, it is thought that the addition of ethanol into H2O causes the decrease of H2 gas generation during this EPD of HAP and consequently leads to the introduction of the pores with some hundred gm, being attractive for cells, for HAP depositions by this EPD process. The number and diameter of continuous pores in sintered HAP depositions after the sintering at 1373 K are summarized in Table 2 for these HAP bulks. The number of unidirectionally aligned continuous pores for these sintered HAP bulks was 1 to 2. When these porous HAP deposition prepared by this EPD process is used as a filler of bone and teeth, the further increase of the number of unidirectionally aligned continuous pores is needed for real applications. The pore number, pore diameter, and pore area fraction on HAP depositions are dependent of applied current/voltage, pH, zeta potential, solvent, deposition rate, H2 gas generation of electrolysis of H2O on the aqueous EPD process. Nevertheless, the optimization of deposition rate and H2 gas generation on H2O electrolysis is under investigation for the increase of pore number and pore area fraction on the surface of depositions for the porous HAP with unidirectionally aligned continuous pores.
CONCLUSION
The preparation of porous bioceramics was carried out using an aqueous EPD process. HAP depositions were prepared with this aqueous EPD process applying 100 mA at pH 4 to pH 7 for 5 min in H2O/ethanol system and subsequently sintered at 1373 K. These HAP depositions after sintering had unique porous microstructure with a thickness over 1000 gm, including many unidirectionally aligned continuous pores with a diameter of some hundreds gm. The pore characteristics of these porous ceramics were found to be dependent on pH and H2O/ethanol ratio in solvent. Consequently, porous ceramics having many unidirectionally aligned continuous pores was successfully obtained already within a few minutes through this process, in which the pore structure could be controlled by H2 gas generation during the aqueous EPD process. Figure 5 Relation between pH and deposition rate during EPD process. Table 2 Results of number and diameter of continuous pores in sintered HAP depositions after the sintering at 1373 K. (a) pH7 and (b) pH6
